Abstract-In this paper, we propose a salient pole stator hybrid type switched reluctance motor (SRM) which has a pair of permanent magnets attached on the rotor between the poles. The machine performance is improved in two ways ; torque increase by permanent magnet in addition to the conventional reluctance torque, negative torque decrease by faster current fall in negative torque region. This paper describes the experimental results with current control loop under advanced firing angle and cut-off angle control. The considerable improvement of machine performance especially in efficiency and power-facor in the hybrid type SRM over standard VR type SRM is confirmed.
I. INTRODUCTION
A switched reluctance motor (SRM) has many advantages over conventional synchronous or induction motors such as simple and robust structure, concentrated stator windings, higher flux density [1] . However, SRM hasn't been so popular in industrial applications, mainly due to acoustic noise, vibration and torque ripple. The power factor and efficiency are essentially lower than those of other synchronous motors. Many works have been done to study SRM on both of motor itself and it's control to improve overall machine performance; for example, reduction of acoustic noise [2] [3], torque ripple suppression [4] [5] , improvement of torque performance [6] [7] .
In our previous paper [8] , we proposed a cylindrical stator hybrid type SRM. The machine has a pair of permanent magnets attached on the rotor symmetrically between the poles. The stator windings are exited using a bipolar type driver so as to generate the torque between the magnetized stator poles and the rotor magnets in addition to the usual reluctance torque. The cylindrical stator is employed to eliminate the detent torque caused by permanent maganets.
The detent torque can be minimized by optimal design of stator and rotor core. In this paper, we propose a new hybrid type SRM with salient pole stator and the experimental results of the prototype machine with FEM optimized design is shown. The considerable improvement of machine performance in the hybrid type SRM over standard VR type SRM is confirmed.
II. PRINCIPLE OF HYBRID TYPE SRM
A. Motor Structure Figure 1 shows core structure of the prototype machine with four rotor poles and 3-phase windings on six stator poles. A pair of permanent magnets is attached on the rotor symmetrically between the pole shoes and used for extra torque generation in addition to usual reluctance torque. In order to minimize the detent torque caused by the permenent magnets, the stator pole width, rotor pole width and stator slot width are all designed to be equal. The motor operates in two different modes alternatively. While the pole-B and pole-E of stator windings are exited to the N pole and the S pole, the pole-B and pole-E not only attract the pole-2 and pole-4 of the rotor, but also repulse the permanent magnet N pole and S pole, respectively. As a consequence, the rotor rotates 30 degree. Then, the pole-C and pole-F are excited and attract the pole-3 and pole-1, respectively. Curent fall after the cut-off angle is accelareted by the emf induced in the stator windings by Permanent Magnets on the rotor. When the pole-A and the pole-D are excited to the N pole and the S pole, they repulse the permanent magnets as well as attract the pole-2 and the pole-4, respectively. In the same way, the rotor rotates 30 degree at each supplied excitation pulses as shown Fig.2 . We use a bipolar driver system, because the stator windings should be excited in both directions.
III. EXPERIMENTAL SYSTEM
A. System Hardware Figure 3 illustrates an overview of system hardware including control scheme. This system consists of (1) the Hybrid type SRM, (2) a bipolar type IGBT-based voltage source driver, (3) the controller using a floating 32 bit DSP (TMS320C31). The DSP controller detects the rotor position using a rotary encoder at every 0.1ms and gets phase information of 3-phase excitation voltage which must be synchronized with the rotor position. At the same time, it compares the measured rotor speed with the commanded speed and calculates the amplitude of the excitation current for PI controller. The digitally calculated 3-phase current command are converted to analog value through D/A converter. The gate pattern for IGBT are generated by comparing the current command with actual current. The PWM inverter has 12 IGBT devices and is used not only for bipolar drive test but also for unipolar drive test. 
B. Control Parameter
Output torque of SRM is in proportion to the slope of motor inductance and excitation current. If the excitation current is supplied during the rising slope of the inductance, the positive torque is produced, and if the excitation current is supplied during the falling slope of the inductance, negative torque is produced. Therefor, the turn-on and turnoff angles of stator currents are dependent upon the rotor position and are important control parameters. The control method, in which the current command is supplied in advance before the inductance begines to increase, is called 'advanced firing angle control' and is illustrated in Fig.4(a) . The optimal value of the advanced firing angle is dependent upon motor speed, load current and inverter DC voltage. The another control method, in which the IGBT is turned off earlier before the inductance begins to decrease, is called 'cut-off angle control' and illustrated in Fig.4(b) . 
C. Experimental Motor
The tested machine in the previous paper[8] used a cylindrical type stator in order to avoid detent torque between non-excited stator poles and permanent magnets. However, it is proven from FEM analysis that the hybrid SRM with the optimized designed salient pole stator shows also sufficient performance as that with cylindrical type stator. The detent torque can be minimized by making following three parameters equal ; the stator pole width, stator slot width and rotor pole width. In the case of salient pole stator structure, the winding cross-sectional area is wider and the production process is easier as the motor structure is much simpler than that of cylindrical type. Consequently, we can expect much better machine performance.
From the above consideration, we built a new hybrid type SRM with salient pole stator and a standard VR type SRM of the same specification. These machines were built using the 2.2kW Induction Motor frame. The only difference between two machines is a existance of permanent magnets. Table. 1 shows the specifications of these motors. Fig.5 shows photo of stator and rotor of the new hybrid type SRM with salient pole stator. The load is a powder brake that is connected to the motor axis through a torque detector. Motor output was calculated from the torque and the motor speed. Also, input effective value(RMS) was mesured using WT-130 made by YOKOGAWA ELECTRIC. Fig.7 shows current wave-forms for different cut-off angle. Smaller the cut-off angle, higher the efficiency. But speed ripple increases and we need to make a compromise between them. Figure 8 shows the torque characteristics versus advanced firing angle for several cut-off angles. These experiments were performed with the constant torque of 10N-m and the motor speed of 800rpm. For constant torque and speed, there is an optimum advanced firing angle for maximum efficiency, which is independent upon cut-off angle. 
IV. EXPERIMENTAL RESULTS
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The motor efficiency-output characteristics for several speed are given in Fig.9 . In this experimental result, the optimum control parameters for torque and speed are selected from the result of Fig.8 In Fig. 11 , the speed chracteristics of efficiency and power factor for different output torque are illustrated. Because of mechanical problems of the prototype hybrid SRM, acoustic noise and vibration increased considerably and it was impossible to run the motor over 1,000rpm.
V. CONCLUSION
The new hybrid type SRM with salient pole stator is proposed and the control system and the performance characteristics are presented. The torque and efficiency are improved using the advanced firing angle and cut-off angle control.
It is shown from the experimental results that the hybrid type SRM with salient pole stator has better performance than the VR type SRM in the middle speed range.
Because of mechancal problem to keep the rotor at the center and air gap uniform against permanent magnet(PM) attraction force, the experimental motor generates considerable noise and vibration in the region over 1,000rpm.
We are now designing a improved version of proto type machine. The conference presentation will include some experimental results of the new machine.
